Study Design. A retrospective database study. Objective. The goal of this study was to (1) evaluate the trends in the use of electromyography (EMG) for instrumented posterolateral lumbar fusions (PLFs) in the United States and (2) assess the risk of neurological injury following PLFs with and without EMG. Summary of Background Data. Neurologic injuries from iatrogenic pedicle wall breaches during screw placement are known complications of PLFs. The routine use of intraoperative neuromonitoring (ION) such as EMG during PLF to improve the accuracy and safety of pedicle screw implantation remains controversial. Methods. A retrospective review was performed using the PearlDiver Database to identify patients who had PLF surgery with and without EMG for lumbar disorders from years 2007 to 2015. Patients undergoing concomitant interbody fusions or spinal deformity surgery were excluded. Demographic trends and risk of neurological injuries were assessed. Results. During the study period, 2007 to 2015, 9957 patients underwent PLFs. Overall, EMG was used in 2495 (25.1%) of these patients. There was a steady increase in the use of EMG from 14.9% in 2007 to 28.7% in 2009, followed by a steady decrease to 21.9% in 2015 (P < 0.0001). The risk of postoperative neurological injuries following PLFs was 1.35% (134/ 9957) with a risk of 1.36% (34/2495) with EMG and 1.34% (100/7462) without EMG (P ¼ 0.932). EMG is used most commonly for PLFs in the Southern part of the United States.
I
nstrumentation with pedicle screw constructs is used to achieve stabilization during posterolateral lumbar fusion (PLF) in patients with various lumbosacral spinal disorders. Neurologic injuries from iatrogenic pedicle wall breaches during screw placement are known complications of PLFs with an estimated risk of 0.8% to 6.1%. [1] [2] [3] To minimize the risk of these complications, intraoperative neuromonitoring (ION) is often used. ION has been used clinically since the 1970s to detect injury to the neural elements. 4 Electromyography (EMG), triggered or spontaneous, is a form of ION that monitors peripheral muscle activity from nerve root stimulation from pedicle screw malposition. Spontaneous EMG continuously monitors peripheral nerve roots responsible for muscle innervation using electrodes placed in the muscles corresponding to the level(s) of interest. Spikes, bursts, or trains of activity during surgery may indicate pulling, compression, or stretching of nerves. Triggered EMG helps identify a pedicle wall breach by measuring the amplitude of current intensity required to trigger a nerve root through pedicle screw stimulation, which has been shown to be <10 milliamps (mA) for screw stimulation and 7 mA for probe stimulation. 5 While ION has been shown to decrease the risk of neurological injury in spinal deformity surgery, its routine use in PLF remains controversial. [6] [7] [8] [9] [10] [11] [12] [13] [14] Proponents of the routine use of EMG for PLF claim that it improves both the accuracy and safety of pedicle screw implantation, while opponents refute this claim by citing increased cost and no improvement in patient outcomes with EMG use. To date, there is a dearth of literature on how practice patterns vary across the United States with regard to the routine use of EMG for PLFs. The goal of this study was to (1) evaluate the trends in the use of EMG for instrumented PLFs in the United States and (2) assess the risk of neurological injury following PLF with and without EMG.
MATERIALS AND METHODS
A retrospective review was performed using the PearlDiver Patient Record Database (www.pearldiver.com; PearlDiver, Inc., Warsaw, IN) to search through the patient records within the Humana private insurance databases. The PearlDiver database is commercially available and contains deidentified patient data that is Health Insurance Portability and Accountability Act (HIPAA) compliant and allows researchers to construct queries with billing codes to identify patient groupings that meet specified criteria of interest. The raw datasets are filtered by characteristics such as demographic and clinical information. The dataset used in this study spans 2007 through 2015.
Data Collection
The database was used to identify cases of lumbar disorders undergoing PLFs with and without EMG from years 2007 to 2015 using both current procedural terminology (CPT) and international classification of diseases, ninth revision (ICD-9) codes (see Appendix, http://links.lww.com/BRS/ B236). Patients with potentially confounding diagnoses such as traumatic injuries, pathologic fractures, malignant neoplasms, congenital musculoskeletal disorders, inflammatory arthridities, and infections were excluded (see Appendix, http://links.lww.com/BRS/B236). Patients undergoing concomitant interbody fusion (anterior, posterior and lateral), thoracic fusion, corpectomy, and osteotomy were also excluded (see Appendix, http://links.lww.com/BRS/B236) ( Figure 1 ). The latter three exclusion criteria eliminated spinal deformity surgeries and the interbody exclusion kept the analysis specific to standalone PLFs.
Statistical Analysis
Chi-square hypothesis testing was used. The STATA statistical software version 11.0 (STATACorp, College Station, TX) was used to perform the analyses. The significance level was set at P < 0.05.
RESULTS
During the study period, 2007 to 2015, 9957 patients underwent PLF surgery for lumbar disorders. Overall, EMG was used in 2495 (25.1%) of these patients. There was a steady increase in the use of EMG from 14.9% in 2007 to a peak of 28.7% in 2009. This was followed by a steady decrease to 21.9% in 2015 (P < 0.0001) ( Figure 2 ).
Age
Among patients who had PLFs, EMG was used in 20.9%, 24.2%, 25.9%, 24.7%, and 24.7% of patients in age groups <45, 45 to 54, 55 to 64, 65 to 74, and !75 years, respectively (P ¼ 0.418) ( Table 1) .
Gender
EMG was used in 25.7% of males compared with 24.6% of females who had PLFs (P ¼ 0.21) ( Table 1) .
Region
The use of EMG for PLFs was most prevalent in the Southern region of the United States (South; 30%, Northeast; 24.6%, West; 22.3% and Midwest; 17.2%, P < 0.0001) ( Table 1) .
Clinical Variables
The most common diagnosis among patients who had PLFs with and without EMGs was lumbar stenosis and spondylolisthesis (Table 2 ). There was no difference in the mean Charlson comorbidity index score between the groups (PLFs with EMG: 4.6, PLFs without EMG: 4.1, P ¼ 0.2968) ( Table 3) . Multilevel fusion surgeries were more common among patients who had PLFs with EMG (80.3% vs. 65.3%, P < 0.0001) ( Table 3 ). The number of revision surgeries in PLFs with and without EMGs was less than 11 in both groups (Table 3 ). Due to patient privacy limitations of the PearlDiver database, reporting of precise values less than 11 is prohibited.
Neurological Injury
The overall risk of postoperative neurological injuries within 30 days of the PLF surgery was 1.35% (134/ 9957). The risk of neurological injury following PLFs with EMG was 1.36% (34/2495) compared with 1.34% (100/ 7462) in patients without EMG (P ¼ 0.932).
DISCUSSION
Spine surgeons have employed ION since the 1970s. 4, 15 Today, ION is used widely, including in deformity correction, trauma, tumor resection, and scoliosis surgery. 6, 16 In PLFs, pedicle wall breaches from instrumentation may cause iatrogenic nerve root injury. [1] [2] [3] 17 However, controversy exists on whether or not EMGs should be used routinely in PLFs to decrease the risk of iatrogenic neurological injury from pedicle wall breaches.
14 Proponents of EMG claim that it provides useful clinical information regarding the status of the pedicle wall. 12, 18, 19 However, opponents cite evidence of false-negative rates (i.e., postoperative neurologic injury despite normal EMG readings), suggesting that intraoperative EMG does not help surgeons avoid neurologic injury. 20, 21 Because of this ongoing controversy, the current study aimed to (1) evaluate the trends in the use of EMG for instrumented PLFs in the United States and (2) assess the risk of neurological injury following PLFs with and without EMG.
In this retrospective national database review, we found that there was an increase in the use of EMG for PLFs from 2007 to 2009, followed by a steady decrease through 2015.
There was no effect of gender or age on national trends of EMG use; however, regional differences were noted. The southern region of the United States demonstrated a significantly higher rate of EMG use for PLFs from 2007 to 2015 than other regions of the country. Finally, the use of EMG did not decrease the risk of neurological injuries following PLFs.
James et al. 22 published a recent national database study on neuromonitoring in the United States. Contrary to our results, they reported a steady increase in neuromonitoring rates for lumbar procedures from 0.6% to 12.6% from 2007 to 2011, and showed regional differences in neuromonitoring usage. 22 However, their inclusion criteria were not selective and included all lumbar procedures (including fusion and nonfusion surgeries), and also included all forms of ION (not just limited to EMG). In addition, their data included 15% nonelective cases, a subset of patients who were excluded from our dataset. 20 Parker et al. 21 reviewed 418 patients and 2450 pedicle screws, correlating postoperative computed tomography (CT) scan of screw position to intraoperative EMG-evoked response. In their series with an incidence of positive intraoperative EMG findings of 4.7%, they found that a threshold of <5 mA only had a sensitivity of 43.4% for detecting pedicle wall breaches, which calls into question the utility of EMGs to determine pedicle wall breaches. 21 Additional clinical studies have reported on the risks of neurologic injury following PLFs, which is estimated to range from 0.8% to 6.1%, in line with the rate of 1.35% observed in the current study. 1, 3, 17 In a large national database study that examined neurologic injury rates following lumbar fusion with and without ION, Cole et al. 23 reported rates of 0.32% and 0.58%, respectively, which is lower than the rates of 1.36% and 1.34% observed in the current study. However, the study by Cole et al. 23 was not selective and included interbody fusions and all forms of ION (not just limited to EMG). Despite these differences, the authors also concluded that the use of ION did not correlate with reduced intraoperative neurological complications, similar to the findings in the current study.
22
The lack of a difference in neurologic injuries in this study begs the question: why there was no difference with or without intraoperative EMG? As already discussed, studies have demonstrated a significant false-negative rate from EMG use alone, which would prevent the surgeon from identifying a neurologic injury despite the use of EMG. 20, 21 Reasons for false-negative rates include anesthesia factors (muscle relaxants or paralytics impair contraction), technical factors (current shunt through pooled blood or soft tissue in screw head, placement of probe on the screw tulip will impair conduction), patient factors (preexisting nerve damage will have higher triggering thresholds), and implant factors (hydroxyapatite coatings reduce screw conduction capacity). 24, 25 These factors may each contribute to a surgeon's inability to identify a nerve injury and may contribute to the similar risk of neurologic injury with and without EMG found in this study.
Despite risks of false negatives, EMG may be useful to decrease the risk of neurologic injury in subsets of lumbar fusion surgeries. In high-risk deformity surgeries involving vertebral column resections and osteotomies, there is substantial evidence that in the process of deformity correction, ION can assist in early detection of neurologic injuries during traction, compression, or ischemia maneuvers. [26] [27] [28] [29] In addition, there may be a role for EMG in minimally invasive spine surgeries (MIS), wherein the neural elements are not visible and in lumbar procedures that involve lateral transpsoas approaches wherein the lumbosacral nerve plexus is at risk for injury.
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Limitations
There are some inherent limitations to this administrative database study. Significant clinical information including disease severity and surgery complexity are not retained in the database and therefore cannot be examined. Specific characteristics of neurologic injury (i.e., transient vs. permanent, radiculopathy vs. cauda equine injury) are also not maintained in the database and cannot be assessed. In addition, there may be selection bias, as the database draws from private insured patients, and public (Medicare and/or Medicaid) patients may have different characteristics. In addition, it is also possible that surgeons elected to use EMGs for cases perceived to be of higher complexity such as in multilevel and revision surgeries. Although revision PLF surgeries have been reported to pose a higher risk for neurological complications due to altered anatomy, we are not aware of any studies that associate multilevel PLF surgery as a risk factor for nerve injury. 34 Finally, the interpretation of the information in the PearlDiver database relies on the accuracy of the codes, which is affected by surgeons and quality of medical coders. Despite these recognized limitations, we believe that this study provides valuable and timely information on clinical practices in the use EMG for PLFs in the United States, where justifying health care costs for improved patient outcomes has become a central issue.
CONCLUSION
In this retrospective national database review, we found that there was a steady increase in the routine use of EMG for PLFs in the United States from 2007 to 2009 followed by a steady decrease from 2009 to 2015. Regional differences were observed in the utility of EMG for PLFs in the United States with the South having the highest use. The risk of neurological complications following PLFs is low and the routine use of EMG for PLFs may not decrease the risk. Due to the retrospective nature of this study, we cannot definitively conclude that there is no utility for routine EMG for lumbar pedicle screw placement. However, we believe that future prospective studies will undoubtedly provide valuable information in making an informed choice on the utility of ION for PLFs.
Key Points
The routine use of intraoperative neuromonitoring with electromyography (EMG) to decrease iatrogenic neurological injury following lumbar pedicle screw placement is controversial. On a national level, there was a steady increase in the routine use of EMG for posterolateral lumbar fusion (PLFs) followed by a steady decline. The risk of neurological complications following PLFs is low and the routine use of EMG for PLFs may not decrease the risk.
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